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Introduction:

DNA hypermethylation of tumor suppressor gene promoters, in conjunction with hypomethylation
of repetitive elements and increased expression of DNA methyltransferases (DNMTSs), occurs in
human prostate cancer. An understanding of how DNA methylation becomes deregulated in
prostate cancer and how to reverse or prevent this process is important for developing anticancer
therapies. It has also been shown that pharmacological inhibition of DNMTs can have anticancer
effects, supporting the concept that hypomethylation and thus re-expression of tumor suppressor
genes may have therapeutic significance in the treatment of cancer. The TRansgenic
Adenocarcinoma of Mouse Prostate (TRAMP) SV40 transgenic model provides an excellent system
to study disruption of the DNA methylation process in prostate cancer and to determine whether
inhibition of DNMTs abrogates prostate tumorigenesis. We have shown that DNA methylation is
deregulated in the TRAMP model, which is characterized by significantly increased DNMT activity
and expression, repetitive element and global hypomethylation beginning at early stages, and locus
specific hypermethylation predominantly in late stage disease. Based on these findings, we
hypothesize that aberrant DNA methylation contributes to TRAMP tumorigenesis, and that
disruption of DNMTs will inhibit prostate oncogenesis in TRAMP. The information gained from
this study will permit a better understanding of the role of aberrant DNA methylation in prostate
cancer.

Specific Aims:
1. Identify and characterize the biological significance of genes that have altered DNA methylation

status in TRAMP.
2. Determine whether genetic disruption of DNMT1 inhibits prostate tumorigenesis in TRAMP.



Body:

Examination of the Role of DNA Methylation Changes in Prostate Cancer using the
Transgenic Adenocarcinoma of M ouse Prostate (TRAM P) M odél

Task 1. Identify and characterize the biological significance of genes that have altered DNA
methylation status in TRAMP:

As outlined in my previous Summary Report, we were unable to identify promoter
hypermethylation correlating with decreased gene expression, except in the case of Irx3, using
Restriction Landmark Genomic Scanning (RLGS) analysis of several types of TRAMP tumors (1-
3). At that time | mentioned several candidate tumor suppressor genes that are commonly
hypermethylated in the promoter region associated with decreased expression, in human prostate
cancer. These genes are Aldhla2, Mgmt, Pdlim4, and Zfp185. mRNA expression was examined
first in normal mouse prostate and compared that to several stages of TRAMP tumors. All of these
genes, except Aldhla2, displayed decreased mRNA expression in most of the eight tumors analyzed
as compared to normal prostate (Fig 1a-d). This indicated that the transcription of these three genes
(Mgmt, Pdlim4, and Zfp185) is being down regulated and DNA methylation is one possible
mechanism for this. Based on these results, traditional bisulfite sequencing analysis was utilized to
examine the methylation status of the promoters of these genes. Two normal mouse prostate
samples and the two TRAMP tumor samples that displayed the most decrease in mRNA expression
as compared to control for each gene were analyzed. However, the results showed that there was no
hypermethylation of the region of the gene promoter that was analyzed in normal prostates with
only very slight increases in TRAMP tumors (Fig. 2a-c). It remains possible that a region of the
promoter we did not analyze is hypermethylated, resulting in the observed decreased expression of
Mgmt, Pdlim4, and Zfp185. However, these results suggest that a different mechanism is utilized
by the tumor cells to inhibit the expression of these genes.

The above described results are similar to findings of another study from our laboratory,
wherein we examined the family of Glutathione S-Transferase (Gst) genes, which are also
commonly hypermethylated in human prostate cancer (4). We examined mRNA expression in
TRAMP tumors compared to normal prostate and found that mRNA and protein levels of the Gst
genes are decreased as expected (4). However, similar to the results described above for Mgmt,
Pdlim4, and Zfp185, there was no clear increase of DNA methylation in the promoters of the Gst
genes in TRAMP tumors as compared to normal prostate (4). Further experiments did reveal that
combined treatment of a TRAMP cell line with a hypomethylating agent and histone deacetylase
inhibitor resulted in increased expression of Gst genes supporting the idea that histone
modifications, a different epigenetic component, may be playing a role in the regulation of the Gst
genes (4). This may also be true for the Mgmt, Pdlim4, and Zfpl185, but promoter DNA
methylation does not seem to be regulating the expression of these genes.

| previously proposed to utilize a microarray based technique in my alternative approaches
in the case that RLGS or analysis of candidate genes was not sufficient to identify genes that display
promoter hypermethylation in TRAMP tumors. At the time of my previous Summary Report, | was
optimizing the protocol for methyl-DIP chip array analyses to compare TRAMP tumors to normal
prostate and identify novel genes that fit these criteria. However, | had some technical difficulties
with sample preparation for methyl-DIP analysis and since then we have begun a collaboration with
Dr. John Greally at The Albert Einstein Institute to utilize a very similar but technically improved
assay, Hpall Tiny Fragment Enrichment by Ligation-Mediated PCR (HELP). The array that is used
for this assay is a Nimblegen tiling array, designed by Dr. Greally, which covers the entire mouse
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genome. Currently, | have completed the sample preparation for both normal prostates and TRAMP
tumors and sent them to Nimblegen for the arrays to be done. Once the arrays have been completed
on a small set of samples, we will analyze the results and identify a subset of hypermethylated
genes. We will then measure DNA methylation of these genes in a large set of samples by
MassArray or Pyrosequencing techniques to both confirm the HELP results and determine if any of
those genes are commonly hypermethylated in TRAMP. If genes are identified that are commonly
hypermethylated in their promoter regions, further experiments may be done, such as gRT-PCR
analyses to determine mRNA expression of those genes.

Task 2. Determine whether genetic disruption of DNA methyltransferase 1 (DNMT1) inhibits
prostate tumorigenesis in TRAMP:

One goal of this task is to produce 50:50 C57Bl/6 x FVB DNMT1 hypomorphic TRAMP
mice. | have established and maintain colonies of R/+ and N/+ mice that have been backcrossed to
FVB four times. These f4 mice are 93.75% FVB and offspring of a cross to C57 are 46.9%
FVB:53.1% C57. | am currently collecting samples at 15 and 24 weeks of age from the 46.9%
FVB:53.1% C57 mice which carry the TRAMP transgene and are of four possible Dnmtl
hypomorphic phenotypes (WT, N/+, R/+, N/R). To date ~95% of these animals have been
collected with approximately 20 animals per genotype for each time point. At the early time point
(15 weeks of age) half of the samples have had the prostate tissue embedded for histological
analysis and half have been frozen for molecular analysis as the prostate is very small at this age.
At the later time point (24 weeks of age) prostate tissue was always embedded first and any
remaining tissue was frozen for molecular analyses.

At the time of necropsy, several parameters were measured: palpable tumor incidence,
tumor incidence, metastatic incidence, prostate weight, urogenital tract (UG) weight, and body
weight. At 15 weeks of age we find that Dnmtl hypomorphic mice tend to have increased tumor
incidence compared to WT TRAMP mice, with at least twice as many animals presenting with
tumor (Table 1). However, there was no change in prostate or UG weight after normalization by
body weight (Fig. 3a-b). Interestingly, at 24 weeks of age there is no difference in tumor incidence,
but a slight decrease in palpable tumor incidence in R/+ and N/R mice compared to WT (Table 1).
However, 11-17% of R/+ and N/+ mice and 0% of N/R mice have obvious metastatic disease upon
necropsy as compared to WT mice, in which approximately 32% have metastases (Table 1).
Prostate weights appear to be decreased in R/+ and N/R mice compared to WT mice and UG
weights in R/+ mice also show this trend (Fig. 3c-d). Although the percentages of mice displaying
tumors or metastases upon necropsy clearly change in the R/+, N/+, and N/R mice compared to WT
mice, the only statistically significant change was metastatic incidence in N/R mice (Table 1).

In addition to these macroscopic parameters, stage of tumor progression has also been
measured microscopically with hematoxylin and eosin staining. Tissue sections were scored for
tumor stage (Normal-N, Prostatic Intraepithelial Neoplasia-PIN, Well Differentiated-WD,
Moderately Differentiated-MD, and Poorly Differentiated-PD) and the percent of tissue observed of
each pathological stage was determined. Two slides of tissue sections 50 UM apart were analyzed
for each mouse in the study at either 15 or 24 weeks of age. In order to perform statistical analyses
to compare pathological grade, a Disease Score was calculated from the percent of each
pathological stage determined for each lobe, which was multiplied by a linearly increasing number
to represent disease progression (DS = %N(0) + %PIN(1) + %WD(2) + %MD(3) + %PD(4)). The
Disease Scores were then averaged for the two slides analyzed from each mouse. This resulted in
single values for each prostatic lobe for each sample, which was then compared using the Mann-
Whitney test. At 15 weeks, R/+, N/+, and N/R mice all display a shift in tumor progression, with
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less normal or early stage disease and more late stage disease in all four prostatic lobes (Dorsal,
Lateral, Ventral, and Anterior), as compared to WT TRAMP mice (Fig. 4a-d). As has been
previously reported, the most advanced disease was in the Dorsal, Lateral, and Ventral lobes and
minimal progression in the Anterior lobe (Fig. 4a-d). The Disease Score analyses also suggested
advanced disease progression at 15 weeks of age in TRAMP Dnmtl hypomorphs compared to WT
TRAMP mice, with significant increases in R/+, N/+, and/or N/R in all four prostatic lobes (Fig. 5a-

d).

The pattern of disease progression in TRAMP Dnmt1l Hypomorphic mice at 24 weeks of age
is quite complex. First, in all four prostatic lobes (Dorsal, Lateral, Ventral, and Anterior) R/+ mice
have decreased percentage of late stage disease (PD and MD) and increased normal or early stage
disease (N and PIN) as compared to WT mice (Fig. 6a-d). Second, N/+ mice display increased PD
disease in all prostatic lobes, except anterior, as compared to WT mice (Fig. 6a-d). Finally, N/R
mice tend to have increased N and PIN tissue and decreased PD disease in the Lateral and Ventral
lobes compared to WT mice (Fig. 6b-c). Interestingly, N/R mice also display an increase in PD and
MD disease in the Dorsal lobe and especially the Anterior lobe compared to WT mice (Fig. 6a-d).
Disease Score analysis revealed that R/+ mice display a significant decrease in disease progression
compared to WT mice in the Dorsal lobe, a trend toward significance in the Lateral lobe, and an
overall decrease in the mean DS in all four lobes at 24 weeks (Fig. 7a-d). Although there were no
significant changes, N/+ mice did display increased DS means in the Lateral and Ventral lobes as
compared to WT (Fig. 10a-d). The mean DS for N/R mice were decreased in the lateral and ventral
lobes with a significant increase in the Anterior lobe compared to WT mice (Fig. 7a-d). This is a
unique finding as TRAMP mice rarely develop tumors or advanced disease in the Anterior lobe,
indicating that DNA methylation plays a role not only the progression but the presentation of the
prostatic disease in TRAMP. Overall, these data support our observations of decreased palpable
tumor incidence in R/+ and N/R mice and increased incidence in N/+ mice compared to WT
TRAMP mice at 24 weeks (Table 1). However, we would still like to confirm that metastatic
incidence is truly decreased or non-existent in TRAMP Dnmtl hypomorphic mice as compared to
WT TRAMP mice at this time point. In order to do this, we are currently performing Tag staining
of 2 sections of tissue from 15 and 24 week old mice to identify TRAMP prostate tumor cells in
liver, lung, kidney, and lymph node tissues.

I next measured Dnmtl, Dnmt3a, and Dnmt3b mRNA expression, Bl repetitive element
methylation, and global (5mdC) levels of methylation in the prostates of 15 and 24 week old
TRAMP Dnmtl Hypomorphic mice. Because all of these parameters become altered during
TRAMP tumor progression, we were unsure of how they may change in the TRAMP Dnmtl
Hypomorphic mice (1-3). Dnmtl, Dnmt3a, and Dnmt3b mRNA expression are similar for all four
genotypes at 15 weeks of age, with a slight decrease in Dnmtl in N/R mice (Fig. 8a-c). At 24
weeks of age, Dnmtl mRNA expression is significantly decreased in R/+ and N/R mice compared
to WT TRAMP mouse prostate tissue (Fig. 8d-f). Dnmt3a and Dnmt3b mRNA expression shows
some variability amongst the four genotypes with a significant increase in Dnmt3A in prostate
tissue from N/+ mice (Fig. 8d-f). We have previously shown that Dnmt expression increases with
tumor progression (3). Interestingly, at 15 weeks R/+, N/+, and N/R mice appear to have more
advanced disease than WT mice and at 24 weeks, N/+ mice appear to have more progressive disease
(Figs. 3-6). In all of these instances, Dnmtl expression is not decreased as expected and Dnmt3A
and Dnmt3B may also be increased. Therefore, | next compared Dnmt mRNA expression to stage
in tumor progression. Expression of all three Dnmt genes increased with tumor progression at both
15 and 24 weeks, suggesting that the lack of decreased Dnmtl mRNA expression and the variable
MRNA expression of Dnmt3A and Dnmt3B are at least partially due to disease progression (Fig.
9a-f). B1 methylation levels are decreased in N/R mouse prostate tissue, but unchanged in R/+ and
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N/+ compared to WT at both 15 and 24 weeks of age (Fig. 10a-b). Global 5mdC levels are
decreased in N/R mouse prostate tissue at 15 weeks of age and N/+ and N/R mouse prostate tissue
at 24 weeks of age compared to control (Fig. 10c-d). In addition, B1 methylation and 5mdC levels
in prostate tissue are strongly correlative at both 15 and 24 weeks of age (Fig. 10e-f). It is possible
that the progressed disease stage in N/+ mice at 24 weeks is resulting in the decreased 5mdC levels
as we have previously shown that these two parameters correlate (3).

As described above, liver tissue was used as a control in the non-TRAMP Dnmtl
hypomorphic mice and we know that Dnmt expression and DNA methylation are disrupted in
TRAMP tumors (1-3). Therefore we also analyzed Dnmtl, Dnmt3a, and Dnmt3b mRNA
expression and Bl repetitive element methylation in liver tissue from the TRAMP Dnmtl
Hypomorpic mice at both 15 and 24 weeks of age. Dnmtl mRNA was decreased in R/+, N/+, and
N/R mice with the least Dnmtl expression in N/R mice, as compared to WT mice at both timepoints
(Fig. 11a &d). There was no change in Dnmt3A or Dnmt3b mRNA expression in the four
genotypes (Fig. 11b-c & e-f). Methylation of the B1 repetitive element was decreased in both N/+
and N/R liver samples at 15 weeks and in N/R liver samples at 24 weeks as compared to WT liver
samples (Fig. 12a-b). These data suggest that all three hypomorphic genotypes will result in
decreased Dnmtl mRNA levels, but that this may not necessarily result in hypomethylation of the
B1 element. Overall, we confirmed the expected phenotype based on the genotype of these mice.

Currently, | am examining Dnmt1, Dnmt3A, and Dnmt3b protein expression by western blot
analysis and preparing samples for HELP analyses on TRAMP Dnmtl hypomorph prostate
samples. Our goal is to identify genes that are not methylated in the Dnmt1l hypomorphic mice that
normally become hypermethylated during TRAMP tumor progression. We hypothesize that these
genes may be important for the progression of TRAMP tumors and especially the development of
metastatic disease.



K ey Research Accomplishments:

Key Scientific Findings:

There are several genes (Mgmt, Pdlim4, Zfp185, and Glutathione-s-transferases) that are
commonly hypermethylated in human prostate cancer that are also downregulated at the
transcriptional level in TRAMP tumors.
In TRAMP these genes are not regulated by DNA methylation, but perhaps some other
epigenetic mechanism.
R/+ TRAMP mice compared to WT TRAMP mice display:
e slight increases in tumor incidence and pathological stage at 15 weeks of age
e slight decreases in palpable tumor and metastatic incidence, as well as decreased
prostate and UG weights and pathological stage at 24 weeks
e no change in Dnmtl mRNA expression at 15 weeks, but significantly decreased
Dnmtl mRNA expression at 24 weeks, with no change in Dnmt3a or Dnmt3b
MRNA expression at either timepoint
e no change in B1 methylation or in 5mdC levels at either time point
N/+ TRAMP mice compared to WT TRAMP mice display:
no change in prostate or UG weight at 15 or 24 weeks of age
increased tumor incidence and pathological stage at 15 weeks of age
increased palpable tumor incidence and pathological stage at 24 weeks of age
no significant change in Dnmt expression at either time point, except an increase in
Dnmt3a at 24 weeks of age
no change in B1 methylation at 15 or 24 weeks of age
e no change in 5mdC levels at 15 weeks, but significant hypomethylation at 24 weeks
of age
N/R TRAMP mice compared to WT TRAMP mice display:
e increases in tumor incidence and pathological stage at 15 weeks of age
e slight decrease in palpable tumor and with no metastatic incidence, with a trend
toward decreased prostate weight and pathological stage at 24 weeks
e increased tumor progression at 24 weeks specifically in the anterior lobe
significant decrease in Dnmtl mRNA expression at 15 and 24 weeks
e no significant change in Dnmt3A and Dnmt3B mRNA expression at 15 and 24
weeks
e significant decreases in B1 methylation and 5mdC levels at 15 and 24 weeks of age
Liver samples from TRAMP Dnmt1l hypomorphic mice have significantly decreased Dnmtl
MRNA expression, no change in Dnmt3A or Dnmt3B mRNA expression and decreased
methylation of B1 in N/+ and N/R mice at 15 weeks and N/R mice at 24 weeks of age.
Dnmtl, Dnmt3A, Dnmt3B mRNA expression positively correlate with tumor progression.
B1 methylation positively correlates with 5mdC levels.

Resources:

Dnmtl hypomorphic mouse colony (C57BI/6)
Dnmtl hypomorphic TRAMP mouse colony (FVB)
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10



Conclusions:

We have identified several genes that are commonly silenced in human prostate cancer
through promoter hypermethylation that are also downregulated in TRAMP tumors. However,
none of these genes display DNA hypermethylation in the large region of the promoter that we
analyzed. Further studies suggest that epigenetic modifications, such as histone deacetylation, may
still be playing a role. We have begun to use a new technique (HELP), in order to determine
whether promoter methylation is a mechanism that is utilized in TRAMP tumors to silence tumor
suppressor genes. This microarray based assay will cover the entire mouse genome and therefore
should reveal any commonly hypermethylated promoters.

We have previously shown that global DNA hypomethylation occurs early, while locus
specific DNA hypermethylation occurs late during TRAMP tumor progression. Using a Dnmtl
hypomorphic mouse model, we have tested the role of Dnmtl and hence these DNA methylation
changes in TRAMP tumorigenesis. At an early time point hypomorphic mice display advanced
tumor progression and at a later time point hypomorphic mice have decreased tumor progression
and metastases. First, these results suggest that global hypomethylation is an important event in
prostate cancer progression and increased hypomethylation due to Dnmt1l hypomorphicity promotes
that early stage event, thus pushing the progression forward. Furthermore, these data support the
hypothesis that locus specific hypermethylation is repressing important tumor suppressor genes that
play a role in prostate cancer progression and especially metastatic processes and decreased Dnmtl
expression prevents locus specific hypermethylation, thereby slowing or preventing these late stage
processes Taken together this indicates a dual role for Dnmtl in TRAMP tumor progression with a
suppressive role in early stage disease and oncogenic role at later stages.
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Appendix
Supporting Data

Figure 1. Aldhla2, Mgmt, Pdlim4, and Zfp185 mRNA expression in normal mouse prostate (N) and
TRAMP prostate tumors (T). A) Aldhla2 B) Mgmt C) Pdlim4 D) Zfpl185 mRNA levels as

determined by SYBR green gRT-PCR. Copy number of target genes were normalized by 18s
rRNA endogenous control.
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Figure 2. Mgmt, Pdlim4, and Zfp185 promoter methylation in normal mouse prostate (N) and
TRAMP tumors (T). A) Mgmt B) Pdlim4 C) Zfp185 promoter methylation status as determined by
traditional sodium bisulfite sequencing. Each circle represents a CpG with white circles indicating
an unmethylated CpG and black circles indicating a methylated CpG. Each row of circles indicates
a separate clone that was sequenced. Bent arrow indicates the transcriptional start site of the gene.
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Table 1. Tumor and metastatic incidence in TRAMP Dnmt1 Hypomorphic Mice.

Palpable

Genotype / Age at sac Tumor Fischer's Exact Tumor Fischer's Exact Met Fischer's Exact
N incidence  p-value (Vs. WT) . p-value (Vs. WT) Incidence  p-value (Vs. WT)
Incidence
WT /15 weeks 15% 10% 5%
N =20 3 2 1
R/+/ 15 weeks 30% 20% 0%
0.47 0.66 1.0
N =20 6 4 0
N/+/ 15 weeks 40% 11% 0%
0.21 1.0 0.40
N =28 11 3 0
N/R/ 15 weeks 30% 10% 0%
0.47 1.0 1.0
N =20 6 2 0
WT / 24 weeks 89% 42% 32%
N =19 17 8 6
R/+/ 24 weeks 74% 21% 11%
0.80 0.33 0.26
N =19 14 4 2
N/+/ 24 weeks 83% 54% 17%
1.0 0.78 0.48
N =24 20 13 4
N/R / 24 weeks 86% 32% 0%
1.0 0.76 0.02
N =22 19 7 0

15



Figure 3. Prostate and Urogenital Tract (UG) weights normalized by body weight in TRAMP
Dnmtl Hypomorphic mice. A) Prostate weight in 15 week old TRAMP mice. B) UG weight in 15
week old TRAMP mice. C) Prostate weight in 24 week old TRAMP mice. D) UG weight in 24
week old TRAMP mice. Each symbol indicates one sample and the bar indicates the mean.

P-

values are the result of Mann-Whitney test statistical analyses compared to WT indicating a trend

toward significance (g 0.1).
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Figure 4. Histological analysis of prostate tumor stage in 15 week old TRAMP Dnmtl
Hypomorphic mice. Microscopic analysis of hematoxylin and eosin staining of prostate tissue from
WT, R/+, N/+, and N/R TRAMP mice at 15 weeks of age. Percent of each pathological grade (N-
Normal, PIN-Prostatic Intraepithelial Neoplasia, WD-Well Differentiated, MD-Moderately
Differentiated, PD-Poorly Differentiated) was determined and averaged for all of the animals in
each group for the four lobes of mouse prostate A) Dorsal, B) Lateral, C) Ventral, and D) Anterior.
Two sections from the prostate of each mouse were analyzed at 40X magnification for each
genotype.
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Figure 5. Prostate cancer Disease Score in 15 week old TRAMP Dnmtl Hypomorphic mice. A)
Disease Score values based on pathological grading of the A) Dorsal B) Lateral C) Ventral and D)
Anterior lobes in WT, R/+, N/+, and N/R TRAMP mice at 24 weeks of age. Disease Score was
calculated as described above. Each symbol represents the average of two slides examined for each
mouse and the bar indicates the mean of each group. P-values are the result of Mann-Whitney test
statistical analyses compared to WT indicating statistical significance (p < 0.05) or a trend toward
significance (p< 0.1).
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Figure 6. Histological analysis of prostate tumor stage in 24 week old TRAMP Dnmtl
Hypomorphic mice. Microscopic analysis of hematoxylin and eosin staining of prostate tissue from
WT, R/+, N/+, and N/R TRAMP mice at 24 weeks of age. Percent of each pathological grade (N-
Normal, PIN-Prostatic Intraepithelial Neoplasia, WD-Well Differentiated, MD-Moderately
Differentiated, PD-Poorly Differentiated) was determined and averaged for all of the animals in
each group for the four lobes of mouse prostate A) Dorsal, B) Lateral, C) Ventral, and D) Anterior.
Two sections from the prostate of each mouse were analyzed at 40X magnification for each
genotype.
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Figure 7. Prostate cancer Disease Score in 24 week old TRAMP Dnmtl Hypomorphic mice. A)
Disease Score values based on pathological grading of the A) Dorsal B) Lateral C) Ventral and D)
Anterior lobes in WT, R/+, N/+, and N/R TRAMP mice at 24 weeks of age. Disease Score was
calculated as described above. Each symbol represents the average of two slides examined for each
mouse and the bar indicates the mean of each group. P-values are the result of Mann-Whitney test
statistical analyses compared to WT indicating statistical significance (p < 0.05) or a trend toward
significance (p< 0.1).
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Figure 8. Dnmtl, Dnmt3a, and Dnmt3b mRNA expression in prostate tissue from TRAMP Dnmtl
Hypomorphic mice. A) Dnmtl B) Dnmt3a C) Dnmt3b mRNA expression in 15 week old TRAMP
prostate. D) Dnmtl E) Dnmt3a F) Dnmt3b mRNA expression in 24 week old TRAMP prostate.
Each symbol indicates one sample and the bar indicates the mean. P-values are the result of Mann-
Whitney test statistical analyses compared to WT indicating statistical significance (p < 0.05).
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Figure 9. Dnmtl, Dnmt3a, and Dnmt3b mRNA expression increases with advanced disease in
TRAMP Dnmtl Hypomorphic mice. A) Dnmtl B) Dnmt3a C) Dnmt3b mRNA expression in 15
week old TRAMP prostate grouped for approximate stage of disease. D) Dnmtl E) Dnmt3a F)
Dnmt3b mRNA expression in 24 week old TRAMP prostate grouped for approximate stage of
disease. Each symbol indicates one sample and the bar indicates the mean.
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Figure 10. B1 methylation and global 5mdC levels in TRAMP Dnmtl Hypomorphic mice.

Bl

methylation in A) 15 and B) 24 week old TRAMP prostate. 5mdC levels in C) 15 and D) 24 week
old TRAMP prostate. Correlation analyses of B1 methylation and 5mdC levels in E) 15 and F) 24
week old TRAMP prostate. Each symbol indicates one sample and the bar indicates the mean. P-
values are the result of Mann-Whitney test statistical analyses compared to WT (A-D) and
Spearman correlation r and p-values (E-F). M and U are methylated and unmethylated control DNA

samples.
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Figure 11. Dnmtl, Dnmt3a, and Dnmt3b mRNA expression in liver tissue from TRAMP Dnmtl
Hypomorphic mice. A) Dnmtl B) Dnmt3a C) Dnmt3b mRNA expression in 15 week old TRAMP
liver. D) Dnmtl E) Dnmt3a F) Dnmt3b mRNA expression in 24 week old TRAMP liver. Each
symbol indicates one sample and the bar indicates the mean. P-values are the result of Mann-
Whitney test statistical analyses compared to WT indicating statistical significance (p < 0.05) or a
trend toward significance ©0.1).

A B C

Dnmt1 mRNA Expression

15 Wk TRAMP Liver Dnmt3A mRNA Expression Dnmt3B mRNA Expression
1 o p=0.07 p<0.01 p<0.01 15 WKk TRAMP Liver 15 Wk TRAMP Liver
e um N 1.0X109* 1.0X109% .
: HYJ . 4as "
=% . .
Q (] A 3+ I+ A
o . u "m A > e n Ay vy > °® n
& o1 o m= A v g o atm it vy 8 10x100s | oW . n ™y
S 017 e L] A o e wy— A Y o o N o
P TR s A & 100 ] oa8  mgm v g oo - AV
s . i :V'v' o f: - N & - o n Iy
v H* H* 06
8 v < . M A 3 1.0x10 v
o o
0.01 T T T T o . o
wT R+ N/+ N/R
1.0x100° T T T T 1.0x10°7 T T T T
Genotype wT RI+ N+ N/R wT RI+ N+ N/R
Genotype Genotype
D Dnmtl mRNA Expression E F
24 WK TRAMP Liver Dnmt3A mRNA Expression Dnmt3B mRNA Expression
10 24 WK TRAMP Liver 24 WK TRAMP Liver
p<0.01 p<0.01 p<0.01 1.0%0%° 1.0x09
3+
>
o v £ 3+
] 1 > A >
o
2 :-'3. ' :# S 1010 ] o v S 10Mo%] e R
- S ¢ «m v 3 o% AL % 8 °
* 01 u Vrvore? — _.-._H ~J E m LA i v
g - s #1030 e v T 10qoes{ TS . e _':gw_
3 . A . o w1 2" o o S
S g T . 7S v
001 r r r r © © . A v
wr Ri+ N+ N/R 1.0x0° T T T T 1.0x0° T T T T
Genotype wWT R/+ N/+ N/R WT R/+ N/+ N/R
Genotype Genotype

24



Figure 12. B1 methylation levels in TRAMP Dnmtl Hypomorphic mice. Bl methylation in liver
tissue from A) 15 and B) 24 week old TRAMP Dnmtl Hypomorphs. Each symbol indicates one
sample and the bar indicates the mean. P-values are the result of Mann-Whitney test statistical
analyses compared to WT. M and U are methylated and unmethylated control DNA samples.
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ABSTRACT
BACKGROUND. Glutathione-S-transferase (Gst) genes are down-regulated in human prostate cancer,
and GSTPI silencing is mediated by promoter DNA hypermethylation in this malignancy. We examined
Gst gene expression and Gst promoter DNA methylation in normal murine prostates and Transgenic
Adenocarcinoma of Mouse Prostate (TRAMP) tumors.
METHODS. Primary and metastatic tumors were obtained from TRAMP mice, and normal prostates
were obtained from strain-matched WT mice (n=15/group). Quantitative real-time RT-PCR was used to
measure GstA4, GstK1, GstM1, GstQl, and GstPl mRNA expression, and Western blotting and
immunohistochemical staining was used to measure GstM |1 and GstP1 protein expression. MassARRAY
Quantitative Methylation Analysis was used to measure DNA methylation of the 5° CpG islands of
GstA4, GsiK1, GstM1, GstOl, and GstPl. TRAMP-C2 cells were treated with the epigenetic remodeling
drugs decitabine and trichostatin A (TSA) alone and in combination, and Gsr gene expression was
measured.
RESULTS. Of the genes analyzed, GstMI1 and GstP1 were expressed at highest levels in normal
prostate. All five Gst genes showed greatly reduced expression in primary tumors compared to normal
prostate, but not in tumor metastases. Gst promoter methylation was unchanged in TRAMP tumors
compared to normal prostate. Combined decitabine + TSA treatment significantly enhanced the
expression of 4/5 Gst genes in TRAMP-C2 cells.
CONCLUSIONS. Gst genes are extensively downregulated in primary but not metastatic TRAMP
tumors. Promoter DNA hypermethylation does not appear to drive Gst gene repression in TRAMP
primary tumors; however, pharmacological studies using TRAMP cells suggest the involvement of

epigenetic mechanisms in Gst gene repression,

5]
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INTRODUCTION

Glutathione S-transferase (Gst) genes are phase II detoxification enzymes that detoxify
xenobiotics, environmental carcinogens, and reactive oxygen species (1.2). Gst proteins catalyze the
addition of reduced glutathione to substrates to form thiolethers (1,3), resulting in the formation of less
toxic and reactive products that are targeted for excretion (4). Mammalian Gst enzymes are subdivided
into three main groups, including a diverse family of cytosolic Gst genes including (Alpha (A) Mu (M), Pi
(P). Sigma (S), Theta (T), Zeta (Z), and Omega (O), the mitochondrial GST gene Kappa (K), and
microsomal Gst genes, designated MAPEG (4). Increased Gst activity is a response associated with
exposure to toxic and foreign compounds and may reduce the mutagenic burden imposed by exposure to
these agents (1.5). In support of this idea, GstP1/P2 knockout mice show an increased incidence of 7,12
dimethylbenz[a]anthracene (DMBA)-induced skin tumors (2). Murine tissues that are exposed to
increased levels of carcinogens and xenobiotics, including liver and kidney, show higher levels of Gst
expression (1). Increased levels of toxic metabolites induce Gst gene expression through the Keap1/Nrf2
pathway, which activates GST gene expression via antioxidant response element (ARE) enhancers found
in Gst promoter regions (4). Consistent with this model, Nrf2 null mice display decreased basal
expression of multiple Gst genes (6).

In murine chemically-induced carcinogenesis models and human cancer, Gst genes are frequently
over-expressed (4,7). However, in contrast to most tumor types, GST genes are frequently down-
regulated in human prostate cancer (7,8). Of particular note, GSTP1 is transcriptionally silenced by DNA
hypermethylation in human prostate cancer at high frequency and consequently is being developed as a
diagnostic marker for prostate cancer (9-19). GSTPI hypermethylation is an early event during prostate
cancer formation, occurring in atrophic hyperplasia and prostatic intraepithelial neoplasia. Functional loss
of GSTP1 has been proposed to promote the development of genomic instability and prostate cancer (20).
Recently, DNA methylation silencing of Mu-class Gst genes was reported in Barrett’s adenocarcinoma,

further supporting a role for DNA hypermethylation in Gst gene deregulation in human cancer (21).
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DNA methylation is an epigenetic mark that regulates gene expression and plays a critical role in
embryonic development, cellular differentiation, and carcinogenesis (22). Moreover, changes in DNA
methylation play a key role in cancer (23). In addition to DNA methylation, histone meodifications,
including lysine acetylation and methylation, are epigenelic regulatory marks that are frequently altered in
cancer (24). Epigenetic changes are distinct from genetic mutations in a number of respects, most
consequentially in that they are reversible. This reversibility is important both from the standpoint of
cancer prevention and treatment, as nutritional and pharmacological agents that prevent or reverse
epigenetic gene silencing may have utility in cancer intervention strategies (25,26). In addition, the fact
that epigenetic signals are reversible may serve as a mechanism whereby tumor cells can differentially
regulate gene expression at distinct stages of tumorigenesis (27).

We and others have recently established Transgenic Adenocarcinoma of Mouse Prostate
(TRAMP) as a useful in vivo model to interrogate the role of epigenetic alterations in prostate cancer (28-
32). TRAMP utilizes expression of SV40 early genes driven by the androgen-dependent rat probasin
promoter to drive prostate tumorigenesis in the mouse (33). TRAMP displays pathological stages of
prostate cancer progression in a age-dependent fashion, and progresses to metastatic tumor growth similar
to the human disease (34). In addition, castration of TRAMP animals results in progression to a
castration-resistant disease phenotype, as is observed in humans (35). We have previously demonstrated
that TRAMP mice display stage-specific alterations in DNA methyltransferase (Dnmt) protein expression,
locus- and phenotype-specific DNA hypermethylation, and global DNA hypomethylation, similar to the
epigenetic defects observed in human prostate cancer (28,30,31). In addition, Day and colleagues have
shown that pharmacological inhibition of DNA methylation prevents prostate cancer formation, delays
castration-resistant disease, and extends survival in TRAMP mice (29.32). These studies have validated
TRAMP as a useful model for deciphering the contribution of aberrant DNA methylation to prostate

cancer,
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The goals of the current study were two-fold. First, we sought to determine Gst gene expression
levels during tumor progression in TRAMP, to delermine whether these genes are downregulated, as has
been observed in the human disease. Second, we investigated whether promoter DNA hypermethylation
is associated with the silencing of GstP1 and/or other Gst genes in TRAMP, We also utilized TRAMP
cells grown in vitro to investigate the possibility that Gst genes are epigenetically regulated in this model.
Our data indicate that Gst genes are extensively downregulated in primary tumors in the TRAMP model
but that this phenotype does not correlate with DNA hypermethylation at proximal promoter regions,
However, epigenetic modulatory drugs used in combination led to the activation of specific Gst genes in
TRAMP cells, suggesting that additional epigenetic mechanisms beyond DNA methylation likely play a

role in Gst gene repression in TRAMP.
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MATERIALS AND METHODS
Animals and Tissue Samples

TRAMP 50:50 C57BL/6 x FVB and strain-matched wild-type (WT) animals and tissues have been
described previously (31). Samples used in the current study are listed in Table 1. DNA was extracted
from 40 mg tissue samples using the Puregene genomic DNA extraction kit (Gentra Systems,
Minneapolis, MN). RNA was extracted from 20 mg tissue samples using Trizol (Invitrogen, Carlsbad,
CA). Cytosolic protein was exiracted from 40 mg tissue samples using the NE-PER Kit (Pierce,
Rockford, IL).

Quantitative Real-Time Reverse Transcriptase PCR (qRT-PCR)

gRT-PCR was performed using the 7300 Real-time PCR system (Applied Biosystems, Foster
City, CA) as described previously (31), except that absolute gquantification of mRNA copy number
relative to 18s rRNA was used. Gene-specific Gsr primers are listed in Supplemental Table 1. Primers
for 18s rRNA were described previously (36).

Western Blotting

Western blotting was performed as described previously (31). 20 pg cytosolic protein extracts
were loaded per lane. Membranes were probed with the rabbit anti-GstM1 (1:1000) (Upstate
Biotechnology, Lake Placid. NY) or polyclonal rabbit anti-GstP1 (1:1500) (MBL laboratories, Naka-ku
Nagoya, Japan), followed by donkey anti-rabbit secondary antibody (Amersham Biosciences,
Buckinghamshire, England). Band density was quantified using the Versa Doc 5000 Imager System and
Quantity One software (BioRad, Hercules, CA) as described (31).

Immunohistochemistry (IHC)

IHC was performed on 5um sections from paraffin embedded samples of normal prostates from
WT mice and primary TRAMP tumors using standard methods. Briefly, endogenous peroxidase was
blocked for 15 min at room temperature, using 3% H30; in methanol. Antigen was retrieved by boiling

the slides in Citrate buffer for 20 min, Slides were placed in a humidified chamber with 300ul of 1°
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polyclonal anti-GstP1 antibody (rabbit 1:2000) or GstM1 1° polyclonal antibody (1:300), diluted in 1%
BSA/1X Tris-P0y, and incubated overnight at 4°C. Nexlt, slides were incubated with secondary antibody
(donkey o-rabbit (1:100) secondary antibody (Amersham) at room temperature for 2 hrs. Images of
representative tissues were obtained using an Olympus IX50 inverted Microscope and Retiga EXi
Camera.

MassARRAY Quantitative DNA Methylation Analyses (MAQMA)

MAQMA is a quantitative assay that utilizes matrix-assisted laser desorption/ionization (MALDI)
time of flight (TOF) mass spectrometry (MS) and base-specific cleavage to interrogate DNA methylation
patterns in sodium-bisulfite converted DNA (37). Primers used for MAQMA analysis are shown in
Supplemental Table 1. Sodium bisulfite conversions were accomplished using the EZ DNA methylation
kit (Zymo Research, Orange, CA), and DNA methylation analysis was performed using the MassARRAY
system and EpiTYPER software (Sequenom, San Diego, CA). Assay controls included DNA from
disease-free mouse whole blood (Clontech, Cat.# 6650-1) as unmethylated control, this same DNA
methylated to completion in vitro using Sssl CpG methylase (New England Biolabs, Beverly, MA) as
methylated control, and a 50:50 mix of the unmethylated and methylated control DNAs.

TRAMP-C2 Cells and Drug Treatments

The TRAMP-C2 cell line and its in vitre cultivation conditions were described previously (38).
Briefly, cells were grown in DMEM media with 10% FBS, 5 ug/ml insulin, 50 units/ml pen-strep, 2 mM
L-glutamine, and 10° M DHT. Cells were treated with 5-aza-2’-deoxycytidine (decitabine) (Sigma, St.
Louis, MO) dissolved in PBS and/or Trichostatin A (TSA) (Sigma) solubilized in DMSO. Cells were
treated with 1.0 uM decitabine on day 0 and day 2. On day 4, cells were treated with 600 nM TSA or
DMSQO control. Cells were harvested on day 5. For TSA-only treatments, cells were treated with 600 nM
TSA and harvested one-day (24 hours) post treatment. RNAs were extracted and gRT-PCR analyses for

Gslt gene expression were performed as described above,
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RESULTS
Gst mRNA Expression in Normal Mouse Prostate and TRAMP tumors

We initially sought to determine the expression patterns of various Gst genes at the mRNA level
in normal murine prostate and TRAMP tumors. Of note, a recent study reported that Gst-M genes are
downregulated in TRAMP (39), but the expression levels of other Gst family members in TRAMP are
unknown, as are the level of expression of different Gst genes in normal murine prostate. To address
these questions, we developed quantitative real time RT-PCR (gqRT-PCR) assays to measure the
expression of five Gst genes: GstA4, GstK1, GstM1, GstOl, and GstPl (Supplemental Table 1). We
chose to focus on these five Gst genes because GSTPI silencing is well established in human prostate
cancer (12), and a recent microarray study indicated potentially reduced expression of these particular Gst
genes in T-antigen induced murine tumors ((40) and K.K. Deeb, personal communication), The tissues
under study included 15 primary and 15 metastatic tumors from TRAMP animals as well as 15 normal
prostates from strain-matched WT animals (Table 1). For the metastatic tumors, we utilized five samples
each from kidney, liver, and lymph node metastases (Table 1). For all parameters measured in this study,
we obtained virtually identical results for the three different metastatic sites (data not shown), thus these
data are combined together into one group in the graphs presented below.

gRT-PCR analysis revealed the relative expression of the five Gsr genes in normal prostate as
GstM 1 >>GstPl>Gst01>GstK1 >GstA4 (Fig 1A). This finding suggests a more prominent role for
GstM1 (and to a lesser extent GstP1) in the function of the normal murine prostate as compared to the
other Gst genes. We next examined Gsr gene expression in TRAMP primary and metastatic tumors.
Strikingly, we observed a similar pattern of expression of each Gsr gene, with significantly reduced
expression in primary tumors, and increased expression (relative to primary tumors and/or normal
prostates) in metastatic tumors (Fig. 1B-F). This general pattern held true despite the differences in the
basal level of expression of each gene in the normal prostate (Fig. 1A). The uniformly reduced

expression of Gsr genes in TRAMP primary tumors is clearly not an artifact of overall gene expression
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levels in TRAMP, as our previous studies have demonstrated both increased and decreased expression of

genes in TRAMP tumors relative to strain-matched normal prostate in this sample set (30,31).

GstM1 and GstP1 Protein Expression in Normal Mouse Prostate and TRAMP tumors

Based on the data presented above, we performed Western blot analysis to measure the expression
of Gst proteins in normal prostate and TRAMP tumors. We focused our attention on GstM| and GstP1,
as antibodies from these proteins were commercially available and because these two genes displayed the
highest level of mRNA expression in normal murine prostate. Additionally, GstP1 was of particular
interest because it is silenced by DNA hypermethylation in human prostate cancer (12). At the mRNA
level, both GstM1 and GstP1 are significantly down-regulated in primary TRAMP tumaors but not in
metastases (Fig. 1), Fig. 2A-B show results from Western blot analyses of GstM| and GstP1 protein
expression, respectively. As shown, GstM1 and GstPl are expressed at high levels in normal prostate,
and their expression is reduced in primary tumors (Fig. 2A-B). In metastases, GstM1 remains expressed
at a lower level than normal prostate, but not as low as seen in primary tumors (Fig. 2A). In contrast,
GstPl does not show reduced protein expression in metastases, and expression is enhanced in some
lesions (Fig. 2B).

To confirm our Western blot results, we performed immunohistochemical (IHC) staining of
GstM1 and GstP1 in five primary TRAMP tumors along with five strain-matched normal prostates from
WT mice. Representative results are shown in Supplemental Fig. 1. Negative control 1gG staining of
normal ventral prostate showed nuclear hematoxylin staining, but no non-specific staining (Supplemental
Fig. 1A-B). In normal ventral prostate both GstM1 and GstP1 were expressed at high level in epithelial
cells, with little staining in the stroma (Supplemental Fig. 1A-B). In contrast, TRAMP ventral prostate
tumors showed very little staining of either protein (Supplemental Fig. 1A-B). Lateral, dorsal, and
anterior prostatic lobes of TRAMP tumors were also examined and these gave similar results (data not

shown). We also performed staining on a small set of metastatic tumors and observed variable GstM1
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and GstP1 expression, similar to that observed for TRAMP metastases at the mRNA level and by Western
blotting (data not shown). Taken together the data indicate that, similar to their mRNAs, GstM1 and

GstP1 protein expression is downregulated in primary TRAMP tumors but not in tumor metastases.

DNA Methylation Status of Gst Genes in Normal Mouse Prostate and TRAMP tumors

The data presented above demonstrate that Gst gene expression is highly reduced in TRAMP
primary tumors relative to normal murine prostate. GstP1 silencing is the most commonly observed
hypermethylation event in human prostate cancer (41). We thus sought to determine whether DNA
hypermethylation plays a role in down-regulation of GstP1 and/or other murine Gst genes in TRAMP.
Initially, we analyzed the 5' regions of each Gst gene under study, as genes targeted by DNA
hypermethylation in cancer contain 5° CpG islands (42). Notably, each Gst gene examined contained a 5’
CpG island flanking or upstream of the predicted transcriptional start site (Fig. 3). Based on this finding,
we next examined the methylation status of each gene. Given the large number of samples involved in
this study (i.e. 45 biological samples x 3 genes = 225 samples for analysis), we sought a high-throughput
and quantitative method for measurement of DNA methylation. For this task, we utilized MassARRAY
Quantitative DNA Methylation Analyses (MAQMA) (37). MAQMA allows for quantitative
measurement of DNA methylation at CpG sites contained within PCR amplicons from sodium bisulfite
converted DNA, MAQMA data can be represented both as the methylation level of individual CpG sites
and as the average methylation level over an entire sequenced region.

In normal murine prostate, all five Gst genes displayed a low to moderate level of DNA
methylation overall, ranging from 20-40% methylation over the sequenced region (Fig 4A). For each
gene, there was some variability in the methylation level of individual CpG sites within the sequenced
region (Fig. 5). Based on the distinct levels of expression of the different Gst genes in normal prostate
(Fig. 1A), we examined whether there is an association between Gst gene expression and Gst gene

methylation levels in normal prostate. Interestingly, we observed an inverse association between
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expression and methylation, although GstA4 (which shows the lowest expression in normal prostate) is an
outlier (Fig. 4B). When GstA4 is removed from the data set, the correlation coefficient for the inverse
association between Gst expression and methylation approaches 1.0 (Fig. 4C). These data suggest that
DNA methylation could play a role in regulating Gst gene expression in normal murine prostate tissue
although other factors are likely involved.

We also examined Gst promoter methylation in TRAMP tumors. Contrary to our expectation, the
overall methylation level of each Gsit gene was unchanged in primary tumors and metastases compared lo
normal prostate (Fig. 6). Despite a lack of overall methylation changes in the 5° CpG islands,
hypermethylation of specific critical CpG sites could potentially account for reduced Gst gene expression
in primary TRAMP tumors. To test this, we examined the methylation status of individual CpG sites
within each promoter region (Fig. 5). For GstA4, two specific CpG sites (site 12 and site 16) showed
increased methylation in primary tumors and metastases compared to normal prostate (Fig, 5A).
However, as GstA4 showed reduced expression in primary tumors but increased expression in metastatic
tumors relative to normal prostate (Fig. 1B), it is unlikely that the methylation of these sites mediate
repression.  Importantly, for the other four Gst genes studied, none of the individual CpG siles showed
significant methylation differences in TRAMP primary tumors relative to normal prostate from WT mice

(Fig. 5B-E).

Pharmacological Inhibition of Epigenetic Enzymes induces Gst gene expression in TRAMP-

C2 Cells
While the above data suggested that DNA hypermethylation may not be responsible for the
repression of Gst genes in primary TRAMP tumors, we can not exclude the possibility that other
epigenetic mechanisms e.g. histone deacetylation could contribute to Gst gene silencing in TRAMP
and/or that DNA hypermethylation at cryptic enhancer regions could play a role. Thus, to more
comprehensively test polential epigenetic repression of Gst gene in TRAMP, we utilized a
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pharmacological approach on TRAMP-C2 cells grown in vitro. The TRAMP-C2 cell line was established
from a primary TRAMP tumor obtained from a 32 week old mouse (38). MAQMA analysis of Gst gene
methylation in TRAMP-C2 cells revealed that Gst genes are heterogeneously methylated, similar to that
observed in normal prostate and TRAMP tumor samples (data not shown). We treated TRAMP-C2 cells
with decitabine, a classical DNA methyltransferase inhibitor (43), and/or TSA, a potent histone
deacetylase inhibitor (44) to test the involvement of the respective epigenetic enzymes in Gst gene
expression. As shown in Fig. 7, either decitabine or TSA treatment alone did not significantly induce the
expression of any of five Gst genes under study, other than a small level of induction of GstA4 with TSA,
and a small level of induction of GstO1 with decitabine, respectively. In contrast, combined decitabine +
TSA treatment led to significant activation of each Gst gene with the exception of GstM1 (Fig. 7). These

data suggest that multiple levels of epigenetic repression are operative on Gst family genes in TRAMP.
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DISCUSSION

Here we report the expression and methylation status of Gst genes in a normal murine prostate and
murine prostate tumors arising in the TRAMP model. The Gst genes we studied represent 5 key Gst gene
classes, including cytosolic (GstA4, GstM1, GstOl1, GstP1) and mitochondrial (GstK1) class Gst genes.
Of these genes, GstM1 is expressed at the highest levels in normal murine prostate, followed by GstP1.
Using quantitative methods to measure gene expression and promoter DNA methylation, we find that,
with the exception of GstA4, there is a strong inverse correlation between Gst gene expression and DNA
methylation levels in the normal murine prostate. Most notably, we find that the expression of all five Gst
genes studied is dramatically reduced at the mRNA level in primary TRAMP tumors relative to normal
prostate. For GstM1 and GstPl, this observation was substantiated at the protein level using both
Western blot analyses and THC.

In contrast to the uniform Gst gene repression observed in primary TRAMP tumors, metastatic
TRAMP tumors from three distinct sites (lymph node, liver and kidney) displayed variable levels of Gst
gene expression relative to normal prostate, ranging from moderately reduced expression (GstK1) to
dramatically increased expression (GstA4). Notably, each Gst gene was expressed at significantly higher
levels in tumor metastases relative to primary tumors. We also find that promoter DNA methylation
levels of each Gst gene are moderate (~20-40% methylation) in normal prostate and this value was
unchanged in TRAMP tumors (either primary or metastatic). This suggests that DNA hypermethylation
of Gst genes may not play a primary role in the dramatic repression of these genes observed in primary
TRAMP tumors. Importantly, a lack of promoter hypermethylation of Gst genes in primary tumors along
with the increased Gst gene expression in metastases may be related. It is possible that DNA
hypermethylation, a relatively stable epigenetic lesion, would not be selected for as a chief mechanism for
Gst gene repression in primary tumors if enhanced expression of these genes contributes to the transition

to metastatic tumor growth.
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Our findings of reduced Gst mRNA and protein expression in TRAMP are in agreement with a
recent report that the expression of GstM genes and overall Gst enzymatic activity is decreased in
TRAMP tumors (39). The fact that Gst genes of numerous classes are repressed in TRAMP tumors
suggests the existence of a commeon underlying mechanism for repression. In this context, a key upstream
regulator of Gst genes, Nrf2, is downregulated in TRAMP tumors (39). Prostate epithelial cells derived
from Nrf2 null mice were shown to display reduced expression of GstM genes, overall Gst activity, and
increased reactive oxygen species relative to control cells (39). Importantly, Nrf2 and GstM expression
has been identified to be downregulated in human prostate cancers in microarray studies (39). The
mechanism of downregulation of Nrf2 in human prostate cancer and TRAMP is currently unknown, but
Frohlich et al reported that the Nrf2 gene is not DNA hypermethylated in TRAMP (39).

Nrf2 regulates Gst gene expression via binding to the antioxidant response element (ARE) found
in the promoter or enhancer regions of many Gst genes (4). For the genes investigated in the current
study, characterized or non-characterized ARE elements are found in the upstream promoter regions of
GstAd, GsiM1, and GstPl (4). For GstA4 and GstPl, the position of the ARE is contained within the
region of DNA methylation analysis. Thus although DNA hypermethylation and associated chromatin
conformation changes could in theory restrict binding of Nrf2 to hypermethylated Gst promoters, this
does not appear to be the mechanism of Gst downregulation in TRAMP tumors. We cannot exclude the
possibility that hypermethylation of other upstream regions or cryptic enhancers ol Gst genes could
contribute to Gst repression in TRAMP. It also remains plausible that other epigenetic changes, e.g.
histone modification status, could be altered at Gst ARE sites in TRAMP tumors. Supporting this idea,
we find that combined treatment of cultured TRAMP cells with decitabine and TSA induces the
expression of multiple Gst genes. Synergistic induction of epigenetically repressed genes by combined
treatment with DNMT and HDAC inhibitors is a classical observation, and was noted recently for human

GST-M genes (21.45). Chromatin immunoprecipitation analysis of TRAMP tissue samples, while
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technically challenging, will be required to directly address the involvement of altered histone
modifications in Gst gene silencing in vive.

Our finding of an inverse relationship between Gst gene expression and Gst promoter DNA
methylation levels in normal murine prostate was unexpected. Whether differential DNA methylation
plays a role in regulating gene expression in normal tissues has been actively debated. Interestingly,
recent reports have found clear evidence for this phenomenon (46-48). Moreover, a recent study found a
significant inverse correlation between human GSTMS expression and promoter DNA methylation in
normal esophageal mucosa (21), Taken together, these data suggest that DNA methylation may play a
role in regulating Gst gene expression in normal tissues. Unlike normal prostate, we did not observe a
clear correlation between Gst gene expression in TRAMP tumors and DNA methylation levels (data not
shown).

In summary, we demonstrate that reduced Gst gene expression is a commen event in primary
tumors arising in the TRAMP model. reminiscent of human prostate cancer. Data presented in the current
paper as well as other published work suggest a key role for oxidative stress in promoting prostate cancer
in TRAMP (39,49). Tt appears plausible that Nrf2 and Gst gene downregulation plays a major role in the
accumulation of oxidative stress in both human and murine prostate cancer. However, in contrast to the
human disease, transcriptional silencing of Gst genes does not appear (o involve promoter DNA
hypermethylation in murine prostate cancer, at least in the TRAMP model, but may involve histone-
mediated epigenetic mechanisms, including histone deacetylation. A lack of Gst gene promoter DNA
hypermethylation, a relatively stable epigenetic lesion, in primary TRAMP tumors, could be related to the
fact that Gst gene expression may need to be reactivated later during tumor progression in order
contribute to metastatic tumor growth. Based on our work, further study of the mechanisms involved in
Gst gene repression in TRAMP primary tumors, as well as direct assessment of the role of Gst gene

downregulation in prostate cancer etiology are warranted.
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CONCLUSIONS

Gst genes encode phase 11 detoxification enzymes that protect the genome from oxidative stress
induced DNA damage. Unlike most malignancies, downregulation of Gst genes occurs in human prostate
cancer and for at least one of these genes (GSTP1), the mechanism of this repression is promoter DNA
hypermethylation. We show here that Gst genes from multiple distinct families are repressed in the
TRAMP murine prostate cancer model. This repression occurs uniformly in primary TRAMP tumors, but
not in tumor metastases taken from three distinet sites. Unlike human prostate cancer, GstP1 and other
Gst genes do not shown proximal promoter DNA hypermethylation in either primary or metastatic murine
TRAMP tumors. Data from pharmacological experiments using TRAMP cells grown in vitre suggest that
epigenetic mechanisms in addition to DNA methylation may be involved in Gst gene repression in
TRAMP. Taken together, these data suggest that Gst gene downregulation is a common etiological
factor in prostate cancer and suggest TRAMP as a useful model to interrogate the role of Gst genes in
prostate cancer. While the precise mechanisms leading to Gst downregulation may be distinct in human
prostate cancer and TRAMP, in both circumstances it is likely that epigenetic regulatory mechanisms are

involved.
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FIGURE LEGENDS
Fig. 1. Gsr mRNA expression in normal prostates from WT mice and TRAMP tumors. qRT-PCR of Gst
genes was performed as described in Materials and Methods using the samples described in Table 1. Gst
mRNA copy number is plotted relative to 18s rRNA expression. (A) Gsr expression in normal murine
prostate (N = 15). Gsr family members analyzed are shown on the x-axis. (B) GstA4 (C) GstK1 (D)
GstM1 (E) GstO1 and (F) GstPI mRNA expression in normal prostate (N), primary prostate tumor (P),
and metastases (M) (N = 15/group). The metastases group includes lymph node, kidney, and liver
metastases (5 each). Error bars = Standard deviation (SD). The results of unpaired two-tailed T-test
comparisons are shown for the indicated groups. In all cases. differences in Gst mRNA expression

between Normal Prostate and Metastatic tumors were not significant,

Fig. 2. Western blot analysis of GstM1 and GstP1 protein expression in normal prostates from WT mice
and TRAMP tumors. Cytosolic GstM1 and GstP1 protein levels were measured as described in Materials
and Methods using the samples described in Table 1. (A) GstM1 Western blots. (B) GstP1 Western blots,
Data labels: Normal prostates (N), primary tumors (P), kidney metastases (KM), liver metastases (LM),
and lymph node metastases (LNM). For both panels, Ponceau S total protein staining served as a loading

control.

Fig. 3. 5" end of murine Gst genes, indicating position of CpG islands and primer sites used for DNA
methylation analyses. (A) GstA4, (B) GsiK1, (C) GstM 1, (D) GstO1, and (E) GsrPi. For each diagram,
the predicted transcriptional start sifes from the UC Santa Cruz Genome Browser are shown with bent
right arrows, and exons are shown with black filled bars. Hash marks indicate CpG sites. Gray filled bars
show 5 CpG islands; CpG island characteristics as determined using CpG island searcher

(http://'www.uscnorris.com/cpgislands2/cpg.aspx) are shown beneath the gray bars. The approximate
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position and 5° nucleotide coordinates of primers used for MAQMA methylation analysis are shown by

inward facing arrows,

Fig. 4. Gst gene methylation in normal murine prostate and inverse association with Gst mRNA
expression. (A) DNA methylation of the 5° regions of Gst genes diagrammed in Fig. 4 were determined
by MassARRAY Quantitative DNA Methylation Analyses (MAQMA) as described in the Materials and
Methods. Results plotted are the average methylation value of all CpG sites over the entire sequenced
region, and all data are averaged over 5 normal prostate samples. Error bars = SD. (B) Gst methylation
values plotted against Gst mRNA expression values shown in Fig. 1A. Non-linear regression (one-phase
decay) correlation coefficient R” value was caculated using GraphPad Prism and is shown. (C) Gst
methylation values plotted against Gstr mRNA expression values shown in Fig. 1A, after removal of
GstA4 data. Correlation coefficient R? value was calculated as described in panel C. Symbols : square =

GstM 1: circle = GstA4; inverted triangle = GstP1; diamond = GstO1: triangle = GstK1.

Fig. 5. Individual CpG site DNA methylation of Gst genes in normal prostates from WT mice and
TRAMP tumors. (A) GstA4, (B) GstK1, (C) GstM1, (D) GstO1, and (E) GstP1. DNA methylation of the
5" regions of Gst genes diagrammed in Fig. 3 were determined by MassARRAY Quantitative DNA
Methylation Analyses (MAQMA) as described in the Materials and Methads. Results plotted are the
average methylation value of each CpG site (or clusters of CpG sites) within each sequenced region, and
data are averaged for normal prostate (N) (N=35), primary tumor (P) (N=15), and metastatic tumors (M)
(N =15). Infrequently, CpG sites failed MAQMA analysis; in these instances no data are shown (absence
of bars on the graph). Right arrows below X-axes indicate the approximate position of the predicted

transcriptional start sife for each gene. Error bars = SD.
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Fig. 6. Averaged Gst gene methylation in normal prostates from WT mice and TRAMP tumors. (A)
GstA4, (B) GstK 1, (C) GstM1, (D) GstO1, and (E) GstPI. DNA methylation of the 5° regions of Gst
genes diagrammed in Fig. 3 were determined by MassARRAY Quantitative DNA Methylation Analyses
(MAQMA) as described in the Materials and Methods. Results plotted are the average methylation value
of all CpG sites over the entire sequenced region, and all data are averaged for normal prostates (N)
(N=3), primary tumors (P) (N=15), and metastatic tumors (M) (N = 15). The methylation data for the
individual sites comprising each region are shown in Fig. 5. Error bars = SD. 1In all cases, the differences

between groups were not significant (data not shown).

Fig. 7. Eflect of decitabine and TSA treatment on Gst gene expression in TRAMP-C2 cells. TRAMP-
C2 cells were treated with 1.0 pM decitabine (DAC) and/or 600 nM trichostatin A (TSA) as described in
the Materials and Methods, and cells were harvest at five days post-DAC treatment and/or one day post
TSA treatment. The vehicle control consisted of treatment of TRAMP-C2 cells with PBS and DMSO for
five days and one day, respectively. Gst mRNA expression was measured by gRT-PCR as described in
the Materials and Methods. (A) GstA4, (B) GsiK1, (C) GstM1, (D) GstO1, and (E) GstP1. Error bars =
SD. Students T-test (unpaired, one-tailed) was performed to test for significant differences in Gst gene
expression between control cells and cells treated with DAC and TSA. Results (P-values) are shown on

the figure.

Supplemental Fig. 1. Representative Immunochistochemical (IHC) staining of (A) GstM1 and (B) GstP1
in normal ventral prostate from WT mice and primary TRAMP tumors arising in the ventral prostate lobe.
IgG control staining of normal prostate. and Gst antibody staining of normal prostate and TRAMP

primary tumors is shown. All images shown are 10X magnification.
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Table 1. Samples used.
#of Apge (weeks = Urogenital Tract Prostate Weight
Tissue Type Mouse Strain Samples SD) Weight (mgs + SD) (mgs + SD)
50:50 C57BY6:FVB Wildtype
Normal (WT) 15 229+ 8.0 0.57+0.2 0.02 + 0.00
Primary Tumor ! TRAMP 15 259+45 6.21£25 567+38
Kidney Metastasis TRAMP 5 26.8 £ 6.9 6.51=10.7 9.12x 13.8
Liver Metastasis TRAMP 5 264 +8.3 3.97+£4.2 2.00+4.2
Lymph Node Metastasis " TRAMP 5 31.8+65 795+6.2 7.93+7.0
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Supplemental Primer
Table 1. Sequences.
5' position relative Annealing
Gene Assay Sequence to TSS Temperature

gRT-PCR’ F:5'- TCCCACAAGAATAAGGAAGCTC - 3' (+) 37 62°C

GstAd qRT-PCR R: 5'- GGTGTCCATCCTTTTGCATC - 3' (+)219 62°C
MAQMA’ E: 5'- TTGTTGGTAATGAATATAATGAATTTATAA -3 (-) 352 68°C
MAQMA R:5'- ACAAAAAAAATACACACACACACAC-3 (+) 102 68°C
gRT-PCR E: 5' - CATGAAAGACAGCGGAAACC -3 (+) 226 60°C

GstK1 gRT-PCR R: 5" - ATACTTCCTTTCTTCACAGTCT - 3' (+) 375 60°C
MAQMA F: 5 - TTGTTTTTATTTTTGAGAAAGTGAATATAA - 3 (-} 312 65.8°C
MAQMA R: 5'- CACCTCAAAACCCAACCAAAAATAC -3 (+) 162 63.8°C
qRT-PCR F:5' - CCTGGATGGAGAGACAGAGG - 3 (+) 454 60°C

GstM1 gRT-PCR R: 5'- GACCTTGTCCCCTGCAAA -3 (+) 658 60°C
MAQMA F: 5' - TTGTTTTTGTAATTTGAGGTTGTGTG - 3' (-)424 70.9°C
MAQMA R:5'- CAATTAAACACTCCCCTTCCTAAATCTATA - 3 (+) 62 70.9°C
gRT-PCR F. 5' - CTAAGGTGCCGCCTTTGA - 3' (+) 462 60°C

GstOl gRT-PCR R: 5' - CTCCTTGAGCTCCAATGCTT - 3 (+) 670 60°C
MAQMA F: 5 - GGGATGGGGTGGTTTTTTTTGAGTATT - 3' (-) 260 11.3°C
MAQMA R: 5'- AACCTCACCCTTCCCCAAACTCCTA - 3 (+) 142 71.3°C
gRT-PCR F: 5' - AGCAGGCATGCCACCATA - 3 (+) 43 60°C

GstP1 gRT-PCR R: 5'- GCTGCCCATACAGACAAGTG- ¥ (+) 206 60°C
MAQMA F: 5' - GGGATAGGTAAAAGGTTGATAGAGTTGTAT - 3 (-) 282 73.2°C
MAQMA R: 5' - CCCAAACTCCTATTACAAACTACCC - 3 (+) 161 73.2°C

! Transcriptional Start Site as determined using the UC Santa Cruz genome browser

(http://genome.ucsc.edu/)

~ Quantitative real time reverse transcriptase PCR

* MassARRAY Quantitative DNA Methylation Analyses
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